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Cross section data have been compiled from the literature~to the end of 2003! for
electron collisions with water (H2O! molecules. All major collision processes are re-
viewed including: total scattering, elastic scattering, momentum transfer, excitation of
rotational, vibrational, and electronic states, ionization, electron attachment, dissociation,
and emission of radiation. In each case we assess the collected data and provide a
recommendation of the values of the cross section to be used. They are presented in a
tabular form. Isotope effects (H2O versus D2O! are discussed as far as information is
available. © 2005 American Institute of Physics.@DOI: 10.1063/1.1799251#
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1. Introduction

Water is the third most abundant molecule in the Unive
~after H2 and CO!.1 Apart from the importance of its mase
action, water is expected to contribute significantly to t
cooling of star-forming molecular clouds.2 In the solar sys-
tem, water vapor has been detected in the atmosphere
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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Venus, Mars, and the giant planets and even in the s
atmosphere. Water is also the most abundant molecul
comets. In the terrestrial atmosphere, H2O is the most impor-
tant greenhouse gas,3 contributing more than half of the 33 K
of natural warming. Water is not a major precursor of glob
warming but, if the atmosphere warms due to increase in
concentrations of pollutants like CO2, the atmosphere will be
able to hold more water vapor evaporated from surface
hence there will be an amplification of the warming effe
Water is the main product of combustion of hydrocarb
fuels, and hence it is one of the essential ingredients of
model flue gas. Finally water plays an essential role in
life, being the dominant component of the biological cell.

Electron collisions are a fundamental process in all of
phenomena involving water molecules stated above. For
ample, electron collisions are proposed to play a signific
role in determining the rotational population of water mo
ecules in cometary atmospheres.4 This is of importance in the
analysis of the observed emission from the comets. It is n
feasible to use plasma techniques to control pollution fr
fossil fuel combustion. To model such control processes,
need to know the details of the elementary processes in
flue plasma including electron collisions.5 The initial physi-
cal stage of radiation interaction with biological material c
be understood on the basis of the analysis of the track st
ture caused by charged particles. The knowledge of elec
interactions with water molecules is therefore vital in und
standing radiation damage.6

Electron collisions with H2O have been studied for man
years with a large number of papers reporting cross sec
data for many different interactions. A review of the cro
section data has been attempted by several authors.
atomic and molecular data relevant to radiation resea
were surveyed by a Committee of IAEA. Their report7 in-
cludes cross sections for electron collisions with H2O. Re-
cently Karwaszet al.8 and Shiraiet al.9 have published a
data review of electron collisions with molecules, both t
reviews including cross section data on H2O. A recent bibli-
ography prepared by Hayashi10 may also be useful. Very re
cently an extensive data compilation has been carried ou
electron collisions with a large number of molecules.11 This
work has provided a comprehensive set of cross sect
recommended for total scattering, elastic scattering, mom
tum transfer, ionization, electron attachment, and excitati
of vibrational and electronic states. However each of th
reviews has some limitations, either in scope or in failing
provide a recommendation of values to be used by the ‘‘
plied’’ community. The present paper reviews the cross s
tion for electron collisions with H2O and aims to provide a
more complehensive set of data than those published be
The present review is partly based on the Landolt-Bo¨rnstein
data compilation,11 but has a wider scope~e.g., including
emission cross sections!. After reviewing avaliable cross sec
tion data, we have determined a set of recommended va
of cross section, when possible. The quality of the reco
mended data is not uniform over the processes conside
This reflects the situation that the availability of reliable da
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33CROSS SECTIONS FOR ELECTRON COLLISIONS WITH WATER
is different depending on the process. The general criteria
the selection of preferred data are as follows:

~1! In principle, experimental data are preferred to the
retical ones. In some cases, however, elaborate calcula
are referred to corroborate the experimenal work.

~2! The reliability of the experimental methods empoly
is critically assessed. Agreement between multiple indep
dent measurements of the same cross section is gene
taken as an endorsement of the accuracy of the meas
data. A strong emphasis is placed on the consistency of
results taken by completely different techniques.

~3! In cases where only a single set of data is available
a given cross section, those data are simply shown here~i.e.,
not designated as recommended!, unless there is a stron
reason to reject them.

More details of the process of data evaluation can
found in each section.

To make a discussion more complete, information ab
the electron collisions with D2O ~i.e., an isotope effect! is
also presented. To the knowledge of the present authors
information is available on the electron collisions with T2O.

The literature has been surveyed through the end of 20

2. The Molecular Properties of H 2O

Water molecule in its electronically ground state has a2v

symmetry~see Fig. 1!. The equilibrium nuclear configuratio
has12

r OH50.095 792 nm,

u~H–O–H!5104.5°.

The ionization energy of H2O recommended by Lias13 is

Ei512.621~60.002! eV.

After a very extensive critical assessment of the availa
data, Ruscicet al.14 determined the best value of the diss
ciation energy to be

D~H–OH!55.0992~60.0030! eV.

Here both the dissociation products are in their electronic
ground states. Other dissociation channels are listed in
10.

H2O has a permanent electric dipole moment. Its direct
is along the symmetry axis of the molecule~i.e., thez axis in
Fig. 1!, and its magnitude is15

FIG. 1. Nuclear configuration of H2O.
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mz51.8546 D50.729 65 a.u.

This was determined by the spectroscopic measuremen
the Stark effect in the rotational spectrum.16 The electric
quadrupole moment of H2O has three components:17

Uxx522.50310226 esu cm2,

Uyy52.63310226 esu cm2,

Uzz520.130310226 esu cm2.

These values were obtained by a high-resolution study of
Zeeman effect in the rotational spectrum. The dipole po
izability also has three components18

axx51.41310224 cm3,

ayy51.53310224 cm3,

azz51.47310224 cm3.

The mean polarizability is

a051.47310224 cm3.

H2O has three normal modes of vibration. Their fund
mental frequencies are:19

n1~symmetric stretching!53657 cm21,

n2~bending!51595 cm21,

TABLE 1. Vibrational levels of H2O

va
Energyb

~eV!

010 0.1977
020 0.3907
100 0.4534
001 0.4657
030 0.5786
110 0.6491
011 0.6610
040 0.7605
120 0.8400
021 0.8520
200 0.8929
101 0.8989
002 0.9231

aVibrational states are denoted by the quantum numberv5(v1 ,v2 ,v3),
where v1 ,v2 ,v3 represent the symmetric-stretching, bending, and a
symmetric stretching states, respectively.

bSummarized by Polyanskyet al.20

TABLE 2. Measurements of total scattering cross section for H2O

Author~s! Energy range~eV!

Szmytkowski21 0.5–80
Zeccaet al.22 81–3000

Nishimura and Yano23 7–500
Saglam and Aktekin24 25–300
Saglam and Aktekin25 4–20

Kimura et al.26a 1–400

aA revision of measurement by Sueokaet al.27
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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44 Y. ITIKAWA AND N. MASON
n3~antisymmetric stretching!53756 cm21.

Observed energies of the vibrational levels were summar
by Polyanskyet al.20 The lowest 13 levels~i.e., those below
the second harmonic of antisymmetric stretching mode! are
shown in Table 1.

The rotational motion of water molecule is described
that of an asymmetric-top rotor. The rotational energy lev
are presented in Sec. 5.

Electronically excited states are discussed in Sec. 7.

3. Total Scattering Cross Sections

The total scattering cross section (QT! of H2O has been
measured by several groups.21–26Table 2 lists these measure
ments and the energy range over which they were recor
Figure 2 compares these results. TheQT of the different
groups are in good agreement at the energies above abo
eV. However in the lower energy region, they differ signi
cantly from one another. At 10 eV, for example, the values
QT measured by Nishimura and Yano,23 Saglam and
Aktekin,25 Szmytkowski,21 and Kimura et al.26 are 16.6,
17.8, 20.9, and 23.2 in units of 10216 cm2, respectively.
Hence the relative difference amounts to about 40%. Th
disagreements may be attributed to the uncertainty of e
experiment in determining contributions toQT from forward
scattering. In electron collisions with H2O, the elastic~or
more precisely, vibrationally elastic! cross section is very
sharply peaked in the forward scattering direction~see Sec.

FIG. 2. Total scattering cross section,QT , of H2O. A comparison is made o
the experimental cross sections obtained by Szmytkowski~Ref. 21!, Sueoka
et al. ~Ref. 26!, Zeccaet al. ~Ref. 22!, Nishimura and Yano~Ref. 23!, and
Saglam and Aktekin~Refs. 24 and 25!. The theoretical elastic cross sectio
obtained by Tennysonet al. ~Ref. 28! is also shown for comparison.
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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4!. This is due to the strong dipole moment of the molecu
Thus forward scattering is a large fraction ofQT .

All the measurements listed in Table 2 are based on
electron transmission method. Usually in the method,
detector cannot totally discriminate against electrons ela
cally scattered at the angles smaller than a certain value~de-
noted byumin here! which is determined by the acceptan
angle of the apparatus. In other words, we have the rela

QT5QT~measured!1DQT . ~1!

HereQT~measured! is the measured value ofQT and is de-
fined by

QT~measured!52pE
umin

p

q~u!sinu du, ~2!

whereq(u) is the differential cross section. Furthermore
the actual experiment,umin depends on the scattering cent
in the collision chamber, and hence it is not easy to estim
the correction,DQT , precisely. All the authors of the abov
papers recognized this problem and tried to estimate the
certainty arising from the necessary correction to their
corded data. For example, Szmytkowski21 stated that the
contribution of the forward scattering was about 0.4% of t
measuredQT at energies of 2 eV and below. Sueoka and
colleagues refined their earlier data to allow forumin and
revised their earlier measurement.27 The revisedQT is re-
ported in their review paper.26

In the energy region below about 10 eV, we have the
lation

QT5Qelas. ~3!

Here Qelas is the vibrationally elastic cross section~for the
magnitude of inelastic cross sections, see later sections!. Re-
cently Tennyson and his colleagues28 have made an elaborat
calculation ofQelas ~for details, see Sec. 4!. Figure 2 shows
also their elastic cross section. TheQT of Kimura et al.26 is
in very good agreement with this theoreticalQelas and sup-
ports the reliability of theQT of Kimura et al.26 A detailed
comparison shows that theQT of Kimura et al. is somewhat
smaller than theQelas at the energies below 5 eV.~At 2 eV,
for example, theQT is smaller than theQelasby about 14%.!
This discrepancy may be within the uncertainty of the
measured cross sections. However Kimuraet al.did not state
error bars for all their results in H2O, but in their measure-
ment of a similar polar molecule, HCl,29 they claimed an
error of 13% at 1 eV. In their calculations ofQelas, Tennyson
et al. assumed that the water molecule is initially in its rot
tionally ground state. Okamotoet al.30 showed in their cal-
culation of elastic cross section that, if one considers
distribution of rotational states at room temperature, the
sulting value ofQelas is decreased by about 10% at 6 e
Considering these two points~i.e., uncertainty of the experi
ment and the rotational distribution in theory!, the agreement
between the theoreticalQelas and theQT of Kimura et al.
would become much better than shown in the figure. The
fore for low energies (,10 eV! we recommend the values o
Kimura et al. with an error of 15%.
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55CROSS SECTIONS FOR ELECTRON COLLISIONS WITH WATER
Kimura et al. reported theirQT up to 400 eV. In the energy
range above that, only Zeccaet al.22 have reported an exten
sive measurement. TheQT of Zeccaet al.are consistent with
the QT of Kimura et al. in the region where the two sets o
measurements overlap. Thus we have smoothly conne
the two sets of cross sections to produce the recommen
data onQT over the energy range, 1–1000 eV~Fig. 3!. Table
3 gives the numerical values of the recommendedQT .

FIG. 3. Recommended values ofQT for H2O, compared with the experimen
tal values obtained by Sueokaet al. ~Ref. 26! and Zeccaet al. ~Ref. 22!.

TABLE 3. Recommended total scattering cross section for electron collis
with H2O

Energy
~eV!

Cross section
(10216 cm2)

Energy
~eV!

Cross section
(10216 cm2)

Energy
~eV!

Cross section
(10216 cm2)

1 110 8 25.8 50 10.5
1.2 95.3 8.5 25.5 60 9.7
1.4 82.0 9 24.8 70 8.9
1.6 71.0 9.5 23.7 80 8.3
1.8 62.3 10 23.2 90 7.7
2 54.2 11 22.8 100 7.1
2.2 51.1 12 22.4 120 6.5
2.5 46.9 13 21.7 150 5.6
2.8 43.2 14 21.0 200 4.8
3.1 39.8 15 20.3 250 4.2
3.4 37.2 16 19.6 289 3.78
3.7 34.8 17 19.1 361 3.19
4 33.5 18 18.6 400 2.93
4.5 31.4 19 18.3 484 2.53
5 30.2 20 17.7 500 2.48
5.5 29.1 22 16.9 576 2.20
6 28.4 25 15.6 676 1.91
6.5 27.3 30 14.1 782 1.75
7 26.8 35 13.1 900 1.55
7.5 26.5 40 12.2 1000 1.42
ed
ed

The total scattering cross section for D2O has been mea
sured by Nishimura and Yano23 and Szmytkowskiet al.31

Their values ofQT are in agreement with the correspondin
values for H2O within the combined experimental error
Szmytkowskiet al. claimed, however, that the small differ
ence was real and mainly due to rotational and vibratio
excitations of the respective molecules. However conside
the uncertainty of theQT in the lower energy region dis
cussed above, no definitive conclusions about the magni
of the isotope effect onQT can be made.

4. Elastic Scattering and Momentum-
Transfer Cross Sections

Almost all the electron beam experiments have insuffici
energy resolution to resolve each rotational state of the w
molecule. Hence any elastic cross section,Qelas, obtained
experimentally is only vibrationally elastic: i.e., includin
the cross section for rotational transitions, averaged over
initial rotational states and summed over the final ones
the present section, therefore,Qelas is defined as the vibra
tionally elastic cross section. Pure elastic, or rotationa
elastic, cross sections are discussed in Sec. 5.

After surveying the available experimental results,32–36

Buckmanet al.37 recently presented their recommended v
ues of Qelas. They claimed 40% accuracy in the resultin
data. Until recently beam experiments were unabale to m
sure differential cross section~DCS! in the forward or in the
backward scattering directions. To derive integral cross s
tion ~ICS!, the measured DCS were extrapolated towards

FIG. 4. Elastic scattering cross sections,Qelas, of H2O. The present recom-
mended values are compared with those recommended by Buckmanet al.
~Ref. 37!, experimental data obtained by Choet al. ~Ref. 38!, and theoretical
values obtained by Tennysonet al. ~Ref. 28! and Okamotoet al. ~Ref. 30!.

s
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66 Y. ITIKAWA AND N. MASON
and 180°. This results in an uncertainty in the derived IC
Very recently, Choet al.38 succeeded in measuring the DC
at 10° – 180°, with the use of a magnetic-angle-changing
vice. In Fig. 4, the ICS they determined are compared w
the values recommended by Buckmanet al. There is a good
agreement between the two sets ofQelas.

As is described in the previous section, Tennyson and
colleagues28 obtainedQelasusing the R-matrix theory. In Fig
4, their theoretical result is compared with another theor
cal one by Okamotoet al.30 and the experimental data o
Cho et al. There is a large disagreement between the th
retical and the experimental values at energies below 20
but the discrepancy decreases with increasing energy. Fi
5 shows a corresponding comparison of DCS at 6 eV. T
theoretical DCSs~particularly those of Tennysonet al.,
which are shown in the paper by Faureet al.39! agree very
well with the experimental DCS of Choet al. This indicates
that the difference in the ICSs shown in Fig. 4 is ascribed
the difference in the contribution of the DCS at the ang
smaller than 20°. Choet al. estimated the contribution by
multiparameter fitting of the measured DCS. Because of
strong dipole moment of the molecule, the elastic DCS
H2O has a very sharp peak in the forward direction~accord-
ing to the theory,28 the DCS at 2° has a value of 3.7
310214 cm2 at 6 eV!. It is therefore likely that any extrapo
lation procedure will introduce a large systematic error. F
example use of a polynomial fit may result in an undere
mate of the cross section atu'0°. On the other hand, theor
can reliably take into account the dipole effect, which dom
nates at the lower collision energy. Furthermore, as show

FIG. 5. Differential cross sections for the elastic scattering from H2O at the
collision energy of 6 eV. Theoretical values obtained by Tennysonet al.
~Ref. 39! and Okamotoet al. ~Ref. 30! are compared with experimental da
of Cho et al. ~Ref. 38!.
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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Sec. 3, the theoretical elastic cross section agrees well
the recommended values of the total cross section in
energy range below about 10 eV. As a result, we recomm
the theoretical cross sections of Tennysonet al.28 for use at 6
eV and below.

Figure 6 shows a similar comparison of DCS at 50 eV.
this energy, only the theoretical cross section of Okam
et al. is available for comparison with experiment. From th
figure, we can conclude that the theoretical ICS is too la
compared with experiment at 50 eV. Hence we prefer
recommend the experimental data at 50 eV and above
provide the recommended cross section in the energy re
6–50 eV, we simply interpolate the two sets of cross s

FIG. 6. Differential cross sections for the elastic scattering from H2O at the
collision energy of 50 eV. Theoretical values obtained by Okamotoet al.
~Ref. 30! are compared with experimental data of Choet al. ~Ref. 38!.

TABLE 4. Recommended elastic scattering cross sections fore1H2O

Energy
~eV!

Cross section
(10216 cm2)

1 117
2 61.8
4 35.6
6 28.1

10 21.9
20 15.0
30 11.1
40 8.5
50 6.62
60 5.37
70 4.72
80 4.13
90 3.60

100 3.43
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77CROSS SECTIONS FOR ELECTRON COLLISIONS WITH WATER
tions: the theoretical ones below 6 eV and the experime
ones above 50 eV. The resulting recommended value
Qelasare shown in Fig. 4 with crosses. The numerical valu
of Qelas thus recommended are given in Table 4. We wo
however recommend that new experimental data be colle
~using the magnetic-angle-changing technique! for energies
below 10 eV and that more elaborate theoretical calculati
be performed above 20 eV.

FIG. 7. Momentum transfer cross sections,Qm , of H2O. Swarm data~Yousfi
and Benabdessadok, Ref. 40! are compared with beam data@Choet al. ~Ref.
38!#.

TABLE 5. Recommended momentum transfer cross sections fore1H2O

Energy
~eV!

Cross section
(10216 cm2)

0.001 861 430.3
0.005 393 325.0
0.015 63 228.4
0.045 28 139.2
0.1312 60.71
0.3802 21.11
1.102 6.042
1.989 3.975
3.16 4.334
5.02 5.055
6.909 7.769
9.386 8.529

12.75 9.052
17.32 7.244
23.53 5.15
31.96 3.561
43.42 2.5
70 1.5

100 1
al
of
s
d
ed

s

The momentum-transfer cross section is defined by
formula

Qm52pE
0

p

~12cosu!qelas~u!sinudu, ~4!

whereqelas is the elastic differential cross section.
Momentum-transfer cross sections, particularly those

low energies, may be determined by swarm experiments.
most recent swarm measurement is that performed by Yo
and Benabdessadok40 and plotted in Fig. 7. According to its
definition,Qm is also obtained from the DCS for elastic sca
tering measured by beam experiments. By definition, a lar
angle scattering contributes toQm much more than a small
angle one. Because Choet al.38 measured DCS up to 180°
their Qm is expected to be most accurate.~Note that, since
the forward scattering has a less significant contribution
Qm, the extrapolation in the forward direction should have
small effect in this case.! Their derivedQm are also plotted in
Fig. 7. The figure clearly shows that the swarm data
almost in agreement with the beam data of Choet al. In
conclusion, the swarm values ofQm are recommended an
are tabulated in Table 5.

5. Rotational Transitions

Rotational motion of water molecule is represented by t
of an asymmetric-top rotor. Its energy levels are labeled b
quantum numberJK8K9 , where J is the rotational angular
momentum,K8 is the projection ofJ along the axis of leas
moment of inertia~i.e., they axis in Fig. 1!, andK9 is the
projection along the largest moment of inertia~the x axis!.
Instead of using (K8,K9), the levels are often denoted by
pseudoquantum numbert, which is defined by

t5K82K9. ~5!

The rotational energy levels of water are separated into
sets, the one with even values oft ~para levels! and the other
with odd values oft ~ortho levels!. Neither photoabsorption
nor electron impact can induce a transition between the
sets of rotational states. Experimental values of the rotatio
energy levels of H2O have been summarized by Tennys
et al.41 Table 6 shows them withJ50 – 3.

TABLE 6. Rotational energy levels of H2O

Para Ortho

JK8K9 Jt

Energya

~meV! JK8K9 Jt

Energya

~meV!

000 00 0.0 101 121 2.950
111 10 4.604 110 11 5.253
202 222 8.690 212 221 9.856
211 20 11.800 221 21 16.726
220 22 16.882 303 323 16.956
313 322 17.640 312 321 21.495
322 30 25.578 321 31 26.304
331 32 35.363 330 33 35.387

aSummarized by Tennysonet al.41
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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88 Y. ITIKAWA AND N. MASON
Tennyson and his colleagues39,42have made a comprehen
sive calculation of the cross section for electron-impact ro
tional transitions of H2O using the R-matrix method. The
calculation was based on the fixed-nuclei approximati
corrected with the Born-closure formula for the dipole

FIG. 8. Cross sections for the rotational transitions,J50 – 0,1,2,3, of H2O,
calculated by Tennysonet al. ~Ref. 39!.

TABLE 7. Recommended cross sections~in 10216 cm2) for electron-impact
rotational transitions of H2O.39

Energy
~eV! J50 – 1 J50 – 2 J50 – 3 J50 – 0

0.001 48 153
0.002 23 600
0.003 15 411
0.004 11 358
0.005 1214 8952
0.006 1915 7365
0.007 2152 6241
0.008 2236 5405
0.009 2252 10.18 4760
0.01 2233 18.16 4248
0.012 2151 24.10 3486
0.015 1998 27.53 2735
0.017 1898 30.12 2385
0.02 1761 41.91 5.580 1997
0.022 1679 42.71 6.584 1798
0.025 1570 41.87 7.069 1562
0.03 1417 38.88 7.011 1277
0.04 1191 32.65 6.909 926.3
0.05 1033 27.74 6.288 720.4
0.06 914.5 24.02 5.595 585.4
0.07 823.0 21.14 4.997 490.3
0.08 749.8 18.86 4.498 420.0
0.09 689.7 17.01 4.083 365.8
0.1 639.5 15.49 3.734 323.0
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
-

,

lowed transition and with a simple kinematic ratio for th
threshold behavior. They obtained cross sections for the t
sitions among all the rotational levels up toJ55 at the col-
lision energies 0.001–7.0 eV. Representative values show
Fig. 8 ~and Table 7 and Table 8! present the cross sections fo
the transitions from the rotationally ground stateJt500 . For
simplicity of presentation, they are the cross sectio
summed overt, i.e.,

Qrot~0→J!5(
t

Qrot~00→Jt!. ~6!

According to the selection rule, only the para states can
excited fromJt500 .

The calculation shows that:
~i! Among the inelastic processes, the dipole-allowed tr

sition dominates over others. In the transition fromJ50,
Qrot(0→1) is a factor of 40–50 larger thanQrot(0 – 2),
which is the largest of the dipole forbidden processes.

~ii ! At around 1 eV, the rotationally elastic~i.e., J50
→0) cross section is much smaller thanQrot(0→1). It in-
creases, however, with decreasing energy and exc
Qrot(0→1) at E50.025 eV and below.
It should be noted, however, that the fixed-nuclei approxim
tion may fail at lower energies. According to the authors
the calculation, the data shown here at the energies below
eV should be used with caution.

In the higher energy region~6–50 eV!, Gianturcoet al.43

reported another calculation. They reported cross sect
only for the transition from the rotationally ground stateJ
50). A comparison at 6 eV shows that, for the domina
processes~i.e.,J50→J50,1), the two sets of cross section

TABLE 8. Recommended cross sections~in 10216 cm2) for electron-impact
rotational transitions of H2O.39 ~Continued!

Energy
~eV! J50 – 1 J50 – 2 J50 – 3 J50 – 0

0.12 560.0 13.14 3.183 259.6
0.15 474.5 10.70 2.603 197.5
0.17 431.8 9.526 2.320 168.9
0.2 381.6 8.184 1.995 137.3
0.22 354.6 7.486 1.824 121.2
0.25 321.2 6.644 1.618 102.3
0.3 278.6 5.613 1.362 79.74
0.4 221.8 4.334 1.040 52.71
0.5 185.4 3.582 0.8458 37.42
0.6 159.9 3.092 0.7168 27.81
0.7 140.9 2.750 0.6251 21.34
0.8 126.2 2.498 0.5566 16.77
0.9 114.5 2.305 0.5036 13.42
1 104.9 2.153 0.4613 10.90
1.2 90.04 1.929 0.3983 7.452
1.5 74.63 1.712 0.3362 4.507
1.7 67.15 1.614 0.3079 3.345
2 58.54 1.509 0.2775 2.262
2.2 54.02 1.458 0.2631 1.821
2.5 48.50 1.398 0.2475 1.432
3 41.60 1.326 0.2331 1.252
4 32.63 1.239 0.2287 1.828
5 27.02 1.204 0.2431 2.884
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99CROSS SECTIONS FOR ELECTRON COLLISIONS WITH WATER
agree with each other, but there is a somewhat large
agreement for other processes. Combining the results o
two calculations, we can say that, in the energy range 0.1
eV, the dipole-allowed rotational transition has the domin
contribution to the vibrationally elastic cross section~i.e.,
Qelas in Sec. 4! and otherwise the rotationally elastic proce
~i.e., J50 – 0) also has a sizable contribution toQelas.

The only experimental attempt to investigate rotatio
transitions was made by Junget al.44 They could not resolve
each rotational transition but obtained the excitation and
excitation cross section as a sum, respectively. Furtherm
they reported only DCS at 2.14 and 6.0 eV. Gianturcoet al.
compared their calculation with the measured DCS a
found a qualitatively good agreement. However, given
improvement in stability and resolution of modern electr
spectrometers, it would be timely to remeasure the value
Junget al.

Due to the small interlevel spacings, water molecules
the gas phase at a finite temperature will be populated ov
large range of rotational states. At 300 K, for example,
states withJ51 – 5 have a significant population. In makin
allowance for such states in electron scattering, we beli
that the paper of Faureet al.39 should be referred to for the
transitions from those states.

Faureet al.39 also calculated the rotational cross secti
for D2O. Their calculation shows that theQrot~0→1! for D2O
is always larger than that for H2O. For example, the ratio
Qrot~0→1,D2O!/Qrot~0→1,H2O! is 1.11 at 1 eV and 1.17 a
0.1 eV. It should be noted here that, as for the isotope eff
they took into account only the difference in the rotation
constant. They assumed the same interaction potential fo
two isotopes. Actually, D2O has almost the same value
dipole moment as H2O.14 The remaining difference in the
interaction may not much affect the dipole allowed transit
~say, J50→1), but change the result for other transitio
~i.e., J50→0,2,3,. . . ).

6. Vibrational Excitation

To date three electron beam/gas beam measurements45–47

of vibrational excitation cross section,Qvib , have been re-
ported. None was capable of resolving the two stretch
modes,~100! and~001!. Hence everyone gave the cross se
tion for the composite of the two modes.~Recently, however,
a new experiment has reported separate excitation cross
tions for the two stretching modes albeit at one angle
three energies. See below.! The results of these three me
surements are almost in agreement with one another for
stretching modes. Taking a weighted average of those d
Brungeret al.49 have determined the recommended values
Qvib in the energy range 1–20 eV~Fig. 9!. For the bending
mode, there are some discrepancies between the resu
the three measurements. In particular, El-Zeinet al.48 found
a resonance-like sharp peak at 7.5 eV for the~010! excita-
tion. Placing a more weight on the most recent result
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El-Zein et al.,48 Brungeret al.49 have determined the recom
mended values ofQvib for the ~010! mode as shown in Fig
10.

Three different groups50–52have published theoretical ca
culations ofQvib for H2O. None of the theoretical calcula

FIG. 9. Cross sections for the vibrational excitation of stretching modes
H2O. The present recommended values are compared with those re
mended by Brungeret al. ~Ref. 49!, experimental data obtained by Yous
and Benabdessadok~Ref. 40!, and Rohr~Ref. 53!.

FIG. 10. Cross sections for the vibrational excitation of bending mode
H2O. ~See Fig. 9 for the references.!
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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1010 Y. ITIKAWA AND N. MASON
tions show any evidence for the resonance-like structur
7.5 eV. The DCS for the~010! excitation calculated at 7.8 eV
by Moreira et al.,52 for example, shows a significant diffe
ence from the corresponding values of El-Zeinet al., but
agrees with the other two experiments. Further, prelimin
results of recent measurements by Danjoet al. ~private com-
munication! and Tanakaet al. ~private communication! show
no evidence of the resonance. Considering these facts
cannot discard the possibility that the sharp peak of El-Z
et al. at 7.5 eV is an artifact. Thus, we have constructed
recommended cross section without including the peak
~010! cross section of El-Zeinet al. We have modified the
recommended cross sections of Brungeret al.49 in such a
way as shown in Figs. 9 and 10.

Seng and Linder45 obtained a sharp peak in their cro
sections near the respective threshold. Rohr53 repeated the
measurement in the threshold region and found somew
different results from Seng and Linder. Rohr does not rep
the energy dependence of ICS, but only the peak va
@23.4310217 cm2 at 0.61 eV for (100)1(001) transition
and 8.7310217 cm2 at 0.42 eV for~010! mode#.

From a swarm analysis, Yousfi and Benabdessadok40 de-
rived Qvib over a wide range of electron energies. Their
sult is plotted in Figs. 9 and 10. In the energy region abov
eV, the swarm data agree with the present recommended
ues for ~010! transition, but not for (100)1(001). In prin-
ciple, the swarm data are more reliable in the lower ene
region. Here we adopt the swarm data to extend the rec
mended values to the energies below 1 eV. The resultingQvib

for the stretching modes is consistent with the peak found
Rohr, but it does not hold for the bending mode. Recen
Nishimura and Gianturco54 repeated the calculation of Nish
imura and Itikawa51 with an improved potential for electron
exchange and polarization interactions. Particularly they
tained theoretical cross sections at the energies below 1
Their result for the bending mode is in good agreement w
the present recommended values. Their cross sections fo
stretching modes, however, do not reproduce the experim
tal peak observed by Rohr and disagree with the pre
recommended values over the whole energy range up to
eV.

Allan and Moreira55 recently succeeded to separately me
sure the cross sections for the two stretching modes,~100!
and~001!. They reported only the DCS at 135° measured
the energies of 0.05, 0.6, and 3.0 eV above the respec
thresholds. They found that, at all the energies of their
periment, the symmetric stretching mode,~100!, has much
larger cross sections than the antisymmetric one,~001!. Nish-
imura and Gianturco54 found a similar trend in their calcula
tion. For example, the excitation cross section for~100! cal-
culated by Nishimura and Gianturco at 1 eV is about fo
times larger than the corresponding value for~001!. It should
be noted that Nishimura and Gianturco report only ICS a
hence, no direct comparison with the experimental DCS
be made.

Allan and Moreira55 also reported the cross section for t
vibrational excitation of D2O. Their measured cross sectio
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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~i.e., DCS at 135° and at 0.6 eV above the threshold! show a
small isotope effect. The cross section for H2O is larger than
that for D2O for all the three normal modes. For the stretc
ing modes, this is almost consistent with a previous meas
ment of isotope effect by Ben Arfaet al.56 The latter authors
measured the DCS at 40° and 8 eV. They observed no
topic difference for the bending mode. Since the nuclear m
tion is directly involved, the study of isotope effect must
valuable in the understanding of the vibrational excitation
molecules.

Having reviewed all the data, our recommended values
Qvib are given in Table 9, nevertheless we recommend
new experimental data be collected, both DCS and ICS
vibrational excitation of H2O.

7. Excitation of Electronic States

7.1. Excited States

Table 10 lists the electronically excited states of H2O be-
low about 11 eV. The electronically ground state of H2O
belongs to the C2v symmetry and has the electron configur
tion

~1a1!2~2a1!2~1b2!2~3a1!2~1b1!2.

Table 10 shows the vertical excitation energies for ea
excited state. Each excited state is labeled by the irreduc
representation of the C2v group~the first column of the table!
and the dominant excitation from the ground state~the sec-
ond column!. The standard way to study excited states
through photoabsorption spectroscopy. However, the m
recent spectroscopic study of H2O is that of Chanet al.,57

who employed the dipole (e,e) method~see below! to mimic
a photoabsorption spectra. Excitation energies derived f
their spectra are listed in the seventh column of Table
The spectrum of water in the energy region 10–20 eV c

TABLE 9. Recommended vibrational excitation cross sections fore1H2O

(100)1(001) ~010!

Energy
~eV!

Cross section
(10216 cm2)

Energy
~eV!

Cross section
(10216 cm2)

0.453 0 0.198 0
0.53 2.25 0.3 1.71
0.58 2.32 0.34 1.805
0.63 2.27 0.39 1.748
0.8 0.6 0.6 0.7885
1 0.500 0.862 0.399
2.1 0.320 1 0.370
3 0.310 2 0.200
4 0.385 2.2 0.190
5 0.430 3 0.160
6 0.489 4 0.150
7 0.520 5 0.157
7.5 0.529 6 0.163
8 0.495 8 0.17
8.875 0.413 10 0.180

10 0.325 15 0.130
15 0.190 20 0.100
20 0.080
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TABLE 10. Electronically excited states of H2O. Vertical excitation energies are shown in eV

State Excitation Chujiana Winterb van Harreveltc Gorfinkield Chane

4 1A1 (F̃) b1-3db1 11.13 11.16 (5A8) f 11.057

1 1B2 b1-3da2 11.1 11.11 (4A8)

4 1B1 (Ẽ) b1-3da1 11.01 10.990

2 1A2 b1-3db2 10.84 11.02 (4A9)
2 3A2 b1-3db2 10.68
3 1B1 b1-4sa1 10.52
3 3B1 b1-4sa1 10.39

3 1A1 (D̃) b1-3pb1 10.16 10.16 10.11 (3A8) 10.171

2 1B1 (C̃) b1-3pa1 10.01 10.06 10.11 (3A9) 9.994

2 3B1 ( c̃) b1-3pa1 9.98 9.99

2 3A1 (d̃) b1-3pb1 9.81 9.74

2 1A1 (B̃) 3a1-3sa1 9.7 9.82 9.95 (2A8) 9.86 9.7

1 3A1 (b̃) 3a1-3sa1 9.3 9.44 9.20

1 1A2 b1-3pb2 9.1 9.46 9.60 (2A9)
1 3A2 b1-3pb2 8.9 9.34

1 1B1 (Ã) b1-3sa1 7.4 7.61 7.63 (1A9) 7.51 7.4

1 3B1 (ã) b1-3sa1 7.0 7.26 7.03

1 1A1 (X̃) 0.0 0.0 0.0 (1A8) 0.0 0.0

aElectron energy loss spectra.59

bab initio calculation.61

cTheoretical potential energy surface.62

dTheoretical potential energy surface.28

e‘‘Equivalent’’ photoabsorption spectroscopy with the dipole (e,e) method.57

fNotation of Cs symmetry.
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4–6

is
sists of many discrete peaks, which may be assigned to
transitions from the outer valence to the Rydberg orbita
The Rydberg series of the spectra has been analyzed in d
by Gürtler et al.58

The photoabsorption spectroscopy only gives informat
on the optically allowed excited states. Electron-impact sp
troscopy is useful for the study of optically forbidden stat
The most extensive work of electron spectroscopy of H2O
was made by Chutjianet al.59 They covered the energy los
range of 4.2–12 eV. With the help ofab initio
calculations,60,61 Chutjian et al. assigned their energy los
peaks as shown in Table 10. The third column of the ta
lists the transition energies measured by Chutjianet al.

To study the detailed structure of the excited states,
have to know the nuclear configuration dependence of
excitation energy, i.e., the potential surfaces. Recently
Harrevelt and van Hemert62 have made an elaborateab initio
calculation of the potential surfaces of H2O. States of H2O
with its arbitrary nuclear configuration are denoted by
irreducible representation (A8 andA9) of the Cs group. Us-
ing the multireference configuration interaction method, v
Harrevelt and van Hemert calculated the potential surfa
for the four lowest states of bothA8 and A9 symmteries.
Their result of the vertical excitation energies are shown
the fifth column of Table 10. They considered only the sp
singlet states. In order to calculate excitation cross sect
Gorfinkiel et al.28 theoretically constructed the potential su
faces of H2O. They changed the length of one OH bond, b
fixed the other OH bond and theH–O–Hangle at their equi-
librium values. They considered the lowest two excited sta
of both A8 and A9, and both singlet and triplet states. Th
he
.
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transition energies of their lowest four states are given in
sixth column of Table 10 and they are in good agreem
with experimental values. The four higher energy states
located too high compared with the experimental result. T
may be due to the fact that diffuse states cannot be accura
represented in their calculation.

7.2. Excitation Cross Sections

To date no electron beam measurements have reporte
solute values of the excitation cross section of H2O. There-
fore to provide information on the excitation cross sectio
of water, data have, at present, to be based upon: a s
empirical model, a swarm experiment and theory. Tak
into consideration the results of photoabsorption a
electron-impact spectroscopies, Oliveroet al.63 introduced a
semiempirical model to produce a set of excitation cross s
tions of H2O. Zaideret al.64 modified those cross sections
apply them to the track structure calculation in radiobiolog
Yousfi and Benabdessadok40 made a swarm experiment an
derived a cross section set for H2O. For the excitation of
electronic states, they used the work of Oliveroet al. to de-
termine excitation processes and their threshold energ
Those excitation processes, however, do not necessarily
respond to those listed in Table 10. For example, they
sumed a triplet state excitation with the threshold of 4.5
A detailed measurement of the energy loss spectra in the
eV region by Edmonsonet al.65 and later by Cvejanovic
et al.66 confirmed no state at around 4.5 eV. Instead, as
shown in Table 10, we have the3B1 state at 7.0 eV, which
was not taken into account in the swarm analysis.
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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1212 Y. ITIKAWA AND N. MASON
There are five theoretical papers reporting excitation cr
sections of H2O.28,67–70All of them, except that of Gorfinkiel
et al., based their calculation on the fixed-nuclei approxim
tion. Gorfinkiel et al.28 sought to take into account th
nuclear motion. All of the five papers report the cross sect
for the excitation of b̃ 3A1(3a1– 3sa1) state. Three of
them28,66,68also present the cross section for the excitation
ã 3B1(b1– 3sa1), Ã 1 1B1(b1– 3sa1), and B̃
2 1A1(3a1– 3sa1) states. As shown by Gorfinkielet al., the
resulting theoretical cross sections show significant diff
ences. Furthermore, there is a significant difference betw
the cross sections calculated with and without nuclear m
tion considered. In principle the calculation includin
nuclear motion should be more accurate than the oth
Since the method of Gorfinkielet al. was, however, very
approximate, no definite conclusions can be drawn as to
behavior of the excitation cross section. Theoretical cr
sections show the Feshbach resonance~for details, see Gor-
finkiel et al.28!. They are closely related with the onset
dissociative attachment observed~see Sec. 9!. Gorfinkiel
et al. showed, however, that the theoretical behavior of
resonance depends on how to treat the nuclear motion in
calculation.

A measurement of electron energy-loss spectra has a
sibility of providing DCS for the excitation process. Trajm
et al.71 measured the energy loss spectra at the electron
ergies of 15, 20, and 53 eV. They derived DCS for a num
of excited states but only in relative scale. From a be
experiment at 500 eV, Lassettreet al.72 obtained the gener
alized oscillator strength~GOS! for the energy loss peak a
7.4, 10.1, 11.0, and 13.3 eV over the squared momen
transferK250.1– 2.0 a.u. Klump and Lassettre73 extended
the measurement and determined the GOS for the 7.4
peak up to K254.5 a.u. According to the Born–Beth
theory, an intensity at the forward scattering for incident e
ergy much higher than 100 eV gives the optical oscilla
strength. This is called the dipole (e,e) method. To obtain
the ‘‘equivalent’’ photoabsorption spectrum of H2O with this
method, Chanet al.57 measured the forward angle electro
scattering with 8 keV electrons. Such information, thou
fragmentary, may be useful in the testing of theoretical c
culations.

Due to the lack of data, we therefore cannot provide
recommended set of values for electron impact excitation
water. This is a serious problem since electronic excitatio
important in planetary atmospheres, plasmas, and radia
chemistry. Experiments and refined theory are urgen
needed.

8. Ionization

Recently Lindsay and Mangan74 reviewed available ex-
perimental data on the electron impact ionization cross s
tion of molecules. In so doing, they put much stress on
reliability of the experimental techniques employed. In p
ticular, methods capable of collecting all the product ions
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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preferred. A special care should be taken to avoid discrim
ation against energetic fragment ions. Furthermore, a gre
weight is placed on the experiment not relying on normali
tion to other works. As a result, Lindsay and Mangan74 have

FIG. 11. Recommended values of the partial ionization cross section
H2O for the production of H2O1, OH1, O1, O11, H2

1 , and H1.

FIG. 12. Recommended values of total ionization cross section of H2O.
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TABLE 11. Recommended ionization cross sections fore1H2O

Energy
~eV!

H2O1

(10216 cm2)
OH1

(10216 cm2)
O1

(10218 cm2)
O11

(10218 cm2)
H2

1

(10218 cm2)
H1

(10216 cm2)
Total

(10216 cm2)

13.5 0.025 0.025
15 0.126 0.126
17.5 0.272 0.0013 0.274
20 0.411 0.0145 0.0024 0.428
22.5 0.549 0.0500 0.0091 0.609
25 0.652 0.0855 0.22 0.0207 0.761
30 0.815 0.160 0.37 0.018 0.0433 1.02
35 0.958 0.222 0.70 0.039 0.0759 1.26
40 1.05 0.264 1.32 0.057 0.110 1.43
45 1.12 0.300 2.07 0.070 0.145 1.59
50 1.18 0.329 2.75 0.065 0.178 1.72
60 1.24 0.364 3.94 0.066 0.235 1.88
70 1.27 0.389 4.84 0.069 0.279 1.99
80 1.31 0.409 5.94 0.063 0.317 2.09
90 1.31 0.412 6.66 0.008 0.078 0.343 2.13

100 1.31 0.418 6.95 0.019 0.075 0.360 2.16
110 1.29 0.415 7.38 0.046 0.073 0.370 2.15
125 1.27 0.412 7.63 0.069 0.064 0.375 2.13
150 1.21 0.393 7.52 0.116 0.077 0.371 2.05
175 1.16 0.381 7.31 0.178 0.071 0.366 1.99
200 1.12 0.363 7.07 0.179 0.054 0.351 1.90
250 1.01 0.334 6.34 0.195 0.050 0.316 1.73
300 0.921 0.311 5.51 0.179 0.045 0.284 1.57
400 0.789 0.266 4.34 0.134 0.040 0.237 1.34
500 0.696 0.230 3.73 0.105 0.032 0.198 1.16
600 0.618 0.203 3.13 0.096 0.029 0.172 1.02
700 0.555 0.185 2.71 0.080 0.033 0.149 0.917
800 0.502 0.169 2.40 0.080 0.022 0.135 0.830
900 0.465 0.156 2.20 0.060 0.032 0.120 0.763

1000 0.432 0.143 1.94 0.066 0.024 0.109 0.705
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determined the recommended values of ionization cross
tion for H2O on the basis of the measurement by Stra
et al.75

Straubet al. used a parallel plate apparatus with a tim
of-flight mass spectrometer and position sensitive detecto
product ions. The partial ionization cross sections were m
absolute independently, i.e., without resorting to any norm
ization procedure. Lindsay and Mangan slightly correc
the original values of Straubet al. considering a recent reca
libration of their apparatus. The recommended cross sec
was reported each for the product ions, H2O

1, OH1, O1,
O11, H2

1 , H1. Those are shown in Fig. 11. We therefo
recommend these values noting that, according to Lind
and Mangan, the uncertainties of the partial cross sect
are 6%, 7%, 9%, 13%, 16%, and 6.5% for the H2O

1, OH1,
O1, O11, H2

1 , and H1 ions, respectively. The uncertainty i
the electron energy is61 eV. Though the production o
H2O

11 has been reported by Raoet al.,76 Straubet al. had
no evidence of that. They estimated the cross section
H2O

11 to be less than 10220 cm2 at 200 eV. The total ion-
ization cross section was obtained as a sum of those pa
ones. The uncertainty of that is 6%. The resulting valu
~shown in Fig. 12! are in good agreement with those o
tained by a total-ion-current measurement~e.g., Schutten
et al.77! within the combined error limit and theoretical cro
sections obtained with the BEB method by Hwanget al.78

The total and partial
c-
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TABLE 12. Single differential cross section for ionization of H2O ~in
10219 cm2/eV)

Es ~eV!a

Incident electron energy~eV!

50 100 200 300 500 1000

2 240 250 210 160 110 65
4 170 160 130 110 70 41
6 130 120 100 85 57 30
8 110 93 80 66 44 24

10 92 74 69 53 36 20
14 71 50 47 38 26 14
20 66 32 28 22 16 9.0
25 81 24 20 16 12 6.5
34 140 18 12 9.6 6.9 4.1
40 17 9.7 7.0 5.1 3.3
48 18 6.9 5.2 3.8 2.3
56 22 5.4 3.9 2.7 1.7
70 36 4.3 2.5 1.8 1.1

100 4.0 1.4 0.87 0.55
150 11 1.2 0.40 0.25
200 2.5 0.28 0.16
240 5.6 0.26 0.11
300 0.38 0.074
400 0.14 0.056
500 0.050
700 0.095

aEnergy of secondary electron.
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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1414 Y. ITIKAWA AND N. MASON
ionization cross sections shown here are presented in T
11.

The appearance potential of each fragment ion was m
sured independently as

e1H2O→H1 16.9560.05 eV,79

OH1 18.11660.003 eV,14

O1 19.060.2 eV,80

H2
1 20.760.4 eV.80

In Table 11, the cross section for OH1 has a nonzero value a
17.5 eV. This seems contradictory to the appearance pote
shown here~i.e., 18.116 eV!. This discrepancy is probabl
due to the uncertainty in the energy of the electron be
mentioned above.

The energy distribution of the ejected~secondary! elec-
trons is of practical importance. It is needed when the ene
deposition of the incident electron is required, e.g., in mod
of radiation damage where the secondary electrons lea
strand breaks in cellular DNA. The energy distributio
called the single differential cross section~SDCS! of ioniza-
tion, was obtained experimentally by Bolorizadeh a
Rudd.81 They measured angular distribution of the ejec
electrons, from which the SDCS was derived. Their values
SDCS are shown in Table 12. More detailed information
angular and energy distributions of the ejected electrons
be found in a recent theoretical paper by Championet al.82

On the basis of the measurements of several groups, L
say and Mangan concluded that the H2O and D2O total and
partial ionization cross sections are essentially identical.
cently Tarnovskyet al.83 measured the partial cross sectio
for the production of D2O1, OD1, and D1 from D2O. Their

FIG. 13. Recommended values of the electron attachment cross sectio
H2O for the production of OH2, O2, and H2.
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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result is consistent with those of Lindsay and Mangan,
least within the somewhat large error bars.

9. Dissociative Attachment

Electron attachment to many molecules has been revie
by Itikawa.84 For H2O, he selected the cross section me

of

TABLE 13. Recommended cross sections for production of H2 from H2O

Energy
~eV!

Cross section
(10218 cm2)

5.5 0.02
5.74 0.16
5.9 0.985
6.01 4.3
6.165 6.22
6.286 6.317
6.4 6.37
6.52 6.25
6.65 5.79
6.81 4.89
7.0 3.56
7.465 1.29
7.69 0.877
7.89 0.74
8.0 0.79
8.09 0.995
8.14 1.09
8.235 1.166
8.395 1.04
8.79 0.76
9.01 0.62
9.57 0.28
9.8 0.17

10.0 0.098

TABLE 14. Recommended cross sections for production of O2 from H2O

Energy
~eV!

Cross section
(10218 cm2)

Energy
~eV!

Cross section
(10218 cm2)

4.43 0 9 0.244
4.59 0.0044 9.22 0.213
4.71 0.011 9.4 0.208
5 0.025 9.56 0.214
5.29 0.05 9.67 0.226
5.72 0.0913 9.89 0.256
6 0.116 10 0.285
6.19 0.128 10.138 0.337
6.32 0.133 10.46 0.493
6.45 0.122 10.66 0.55
6.64 0.1 10.8 0.57
7 0.0485 10.9 0.576
7.186 0.0313 11 0.576
7.3 0.0287 11.18 0.553
7.43 0.036 11.5 0.466
7.56 0.062 12 0.327
7.7 0.133 12.5 0.2
8 0.23 13 0.108
8.21 0.286 13.28 0.0688
8.35 0.31 13.625 0.038
8.44 0.316 13.8 0.0264
8.6 0.31 14 0.023
8.76 0.285
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1515CROSS SECTIONS FOR ELECTRON COLLISIONS WITH WATER
sured by Melton85 as a recommended value, since Melton
cross section shows a good agreement with the result
previous independent measurement by Compton
Christophorou86 and no recent measurement of the absol
values of the cross section has been reported. We con
this recommendation.

Electron attachment to water results in three kinds
negative ion fragments, H2, O2, and OH2. Cross sections
for each anion are shown in Fig 13. Their numerical valu
are given in Tables 13, 14, and 15. Belicet al.87 made a
detailed study of the attachment process~e.g., measurement
of energy and angular distributions of H2). They interpreted
the three peaks in the cross sections~at 6.5, 8.6, and 11.8 eV!
as being due to the Feshbach resonances.~Melton showed no
third peak in the H2 curve. Belicet al., however, observed
H2 at around 11.8 eV and concluded its intensity to be
proximately 600 times weaker than the value at 6.5 eV.! The
three peaks correspond to the resonance with3B1 ~at 7.0 eV!,
3A1 ~9.3 eV!, and3B2 (;12.3 eV) as a parent, respectivel
Their electronic configurations would be (1b1)21(3sa1)2

2B1 , (3a1)21(3sa1)2 2A1 , and (1b2)21(3sa1)2 2B2 . Jun-
gen et al.88 calculated the resonance energies of the st
and obtained reasonable agreement with the experimenta
sults. These Feshbach resonances might affect other coll
processes~i.e., elastic scattering and excitations of rotation
vibrational, and electronic states!. There is however no repor
of experimental observation of these resonances in ela
and vibrational cross sections, but theoretical calculation

TABLE 15. Recommended cross sections for production of OH2 from H2O

Energy
~eV!

Cross section
(10218 cm2)

Energy
~eV!

Cross section
(10218 cm2)

4.3 0 8.19 0.078
4.51 9e-04 8.31 0.082
4.75 1.87e-03 8.385 0.083
5.0 4e-03 8.53 0.081
5.21 6.6e-03 8.64 0.0756
5.39 0.0109 8.85 0.057
5.56 0.0165 9.0 0.0436
5.69 0.0246 9.23 0.0304
5.836 0.0379 9.36 0.0244
6.0 0.0537 9.49 0.0201
6.1 0.0757 9.57 0.0194
6.27 0.1048 9.654 0.0202
6.36 0.114 9.78 0.0229
6.437 0.116 10.01 0.0358
6.536 0.1154 10.26 0.053
6.626 0.1105 10.52 0.066 86
6.77 0.095 10.825 0.0775
6.874 0.0763 11.0 0.082 35
7.02 0.062 35 11.13 0.0847
7.15 0.0489 11.3 0.083
7.32 0.0376 11.45 0.0795
7.413 0.0356 11.6 0.0699
7.49 0.0345 11.87 0.048 18
7.6 0.036 12.0 0.0402
7.73 0.0417 12.19 0.0311
7.83 0.048 12.47 0.0184
8.02 0.067
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electron-impact excitation of electronic states suggest
these Feshbach resonances may be observed in excit
cross section~see, for example, Gorfinkielet al.28!.

In recommending the values of Melton, we remark th
these are over 30 years old and it is now known that m
early measurements of anions produced by electron im
suffered from kinetic energy discrimination of the anion
We therefore strongly recommend a new measuremen
dissociative electron attachment to water.

Dissociative attachment is expected to have a large iso
effect. Compton and Christophorou86 have measured disso
ciative attachment cross section both for the D2 formation
from D2O and for the H2 formation from H2O. They found
that the ratio of the D2 cross section to the H2 one was 0.75
at the maximum~at 6.5 eV!. The corresponding ratio for the
energy-integrated cross section was 0.60. This is easily
derstood by the large mass of D2 compared with H2. ~A
more detailed discussion of this isotope effect is given
Belic et al.87! Compton and Christophorou showed no abs
lute values of cross section for the O2 production. They only
indicated that the relative magnitudes of the three peak
the O2 cross section were different depending on the targ
H2O or D2O.

10. Emission Cross Sections

When an electron collides with a water molecule, radiat
is emitted over a wide range of wavelengths. Most of t
radiation arises from dissociation fragments in their exci
states~i.e., H* , O* , OH* ). The corresponding emissio
cross sections,Qemis, are discussed here in two spectral r
gions: ~1! visible and near ultraviolet~UV! regions and~2!
vacuum ultraviolet~VUV ! region. Table 16 summarizes th
possible dissociation channels in electron impact with wa
It shows the minimum energy for the formation of the r
spective fragments~according to the thermodynamics give
in Sec. 2! with the corresponding thresholds observed in e
periments.

One of the important aspects of the emission measurem
is the degree of polarization of the radiation. To accurat
determine the emission cross section, one has to take

TABLE 16. Dissociation channels of H2O produced by electron impact

Dissociation products Minimum energy~eV! Observed threshold~eV!

O(3P)1H2(X) 5.03
OH(X)1H(n51) 5.10 7.0a

O* (1D)1H2(X) 7.00
OH* (A)1H(n51) 9.15 9.060.3b

O* (1S)1H2(X) 9.22 15.561.0c

O(3P)12 H 9.51
O* (3s 3So)1H2(X) 14.56 23.5d

OH(X)1H* (n52) 15.30 15.4d

OH(X)1H* (n53) 17.19 18.560.5b

aObserved by Harbet al.101

bObserved by Beenakkeret al.92

cObserved by Kedzierskiet al.100

dObserved by Morgan and Mentall.96
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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1616 Y. ITIKAWA AND N. MASON
account the polarization of the emission. All of the expe
ments cited below, however, assume the polarization to
weak or simply ignore the effect. There is a measuremen
polarization for the emission of OH A-X transition. Beck
et al.89 found the polarization of its~0,0! band is 25.2
(61.1)% at 11.9 eV, butbecomes less than a few % at th
energies above 20 eV. For the Balmer radiation, Vroom
de Heer90 could not detect any polarization at least above
eV. Furthermore, the VUV emission following dissociativ
excitation of polyatomic molecules can be assumed unpo
ized, because a large number of repulsive channels are

FIG. 14. Cross sections for the emission of OHA–X bands upon electron
collisions with H2O, measured by Beenakkeret al. ~Ref. 92!.

TABLE 17. Cross section for theA–X emission from OH in dissociation o
H2O by electron impact, measured by Beenakeret al.92

Energy
~eV!

Cross section
(10218 cm2)

Energy
~eV!

Cross section
(10218 cm2)

9 0 100 4.64
10 1.87 120 4.32
12.5 7.33 140 4.00
15 9.19 170 3.64
17.5 9.32 200 3.39
20 9.11 250 2.97
22.5 8.45 300 2.66
25 7.97 350 2.40
27.5 7.67 400 2.24
30 7.45 450 2.06
35 6.98 500 1.96
40 6.63 600 1.79
50 6.03 700 1.58
60 5.66 800 1.49
70 5.35 900 1.31
80 5.08 1000 1.21
90 4.83
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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volved in the process.91 In any case, considering the unce
tainty of the measured values ofQemis, the polarization of the
emission, if any, does not affect the conclusion presen
below about the emission cross section.

10.1. Visible and Near-UV Regions

There are two comprehensive studies of the spectra in
region,92,93 and earlier measurements are reviewed in th
two papers. Beenakkeret al.92 measured the emission in th
185–900 nm region. They obtained theQemis at the collision
energies from threshold to 1000 eV. Mu¨ller et al.93 surveyed
the emission in the 280–500 nm region, but reported an
solute cross section only at 100 eV.

OH* A-X Transition

Beenakkeret al.92 assigned the emission in the 306–3
nm region as the transition

FIG. 15. Cross sections for the emission of H Balmera radiation~measured
by Möhlmann and de Heer, Ref. 94! and H Balmerb radiation~measured by
Beenakkeret al., Ref. 92!.

TABLE 18. Emission cross sections produced by electron impact in H2O at
100 eV~in 10218 cm2)

Transition Beenakker92 Möhlmann94 Müller93

OH A–X 4.64 ~0.87!a 2.7 ~0.4!
H 3–2 3.55~0.43! 2.7 ~0.4!
H 4–2 0.641~0.064! 0.683~0.082! 0.49 ~0.07!
H 5–2 0.273~0.055! 0.19 ~0.03!
H 6–2 0.102~0.020! 0.089~0.013!

O 777.4 0.126~0.025!
O 844.7 0.286~0.057!

aThe numbers in the parentheses are the possible errors estimated.
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1717CROSS SECTIONS FOR ELECTRON COLLISIONS WITH WATER
OH ~0–0, 1–1, 2–2! bands ofA 2S1 –X 2P.
The cross section for the emission they measured is show
Fig. 14 and listed in Table 17. Beenakkeret al. estimated an
uncertainty of 19% at 300 eV. A similar measurement w
performed later by Mu¨ller et al.93 They resolved each o
0–0, 1–1, and 2–2 bands. The cross section summed
the three bands at the collision energy of 100 eV is compa
in Table 18 with the corresponding value obtained
Beenakkeret al. Despite the uncertainty claimed in both th
experiments, the two experimental cross sections di
markedly from one another.

H* Balmer Emissions

Beenakkeret al.92 measured the cross sections for t
Balmer emissions

TABLE 19. Cross section for the emission of H Balmera ~3–2! line pro-
duced by electron impact dissociation of H2O, measured by Mo¨hlmann and
de Heer94

Energy
~eV!

Cross section
(10218 cm2)

20 0.204
30 1.05
40 1.69
50 2.24
60 2.91
70 3.26
80 3.46
90 3.54

100 3.55
150 3.11
200 2.69
300 2.04
400 1.62
500 1.32
600 1.14
700 1.01
800 0.892
900 0.814

1000 0.734
in

s

er
d

r

H n53 – 2 at 656.3 nm,
n54 – 2 at 486.1 nm,
n55 – 2 at 434.0 nm,
n56 – 2 at 410.2 nm.

They reported the energy dependence of theQemis only for
the Balmerb (n54 – 2) emission and this is shown in Fig
15. From the measurement at 100, 200, 500, and 800
they concluded that the energy dependence of all the Bal
lines is the same within 4%. They reported theQemis at 300
eV for all the Balmer lines relative to the Balmerb one. The
Qemis for the Balmer radiation has also been measured
Möhlman and de Heer.94 They showed the energy depe

FIG. 16. Cross sections for the emissions of the O 3p3P–3s5So transition at
777.4 nm and O 3p5P–3s3So transition at 844.7 nm, measured by Beena
ker et al. ~Ref. 92!.
TABLE 20. Cross section for the emissions of H Balmerb, O 844.7, and O 777.4 lines upone1 H2O collisions, measured by Beenakkeret al.92

Energy
~eV!

H b ~4–2!
(10219 cm2!

O 844.7
(10219 cm2!

O 777.4
(10219 cm2!

Energy
~eV!

H b ~4–2!
(10219 cm2!

O 844.7
(10219 cm2!

O 777.4
(10219 cm2!

20 0.415 0.236 0.035 120 6.13 2.87 1.17
22.5 0.607 0.354 0.078 140 5.83 2.59 1.02
25 0.726 0.528 0.145 170 5.22 2.53 0.804
27.5 0.991 0.818 0.308 200 4.86 2.32 0.734
30 1.55 0.972 0.489 250 4.18 1.90 0.540
32.5 2.17 1.07 0.653 300 3.68 1.67 0.461
35 2.54 1.17 0.765 350 3.27 1.45 0.425
37.5 2.84 1.29 0.861 400 2.92 1.30 0.362
40 3.06 1.40 0.945 450 2.62 1.13 0.347
50 4.04 1.88 1.16 500 2.39 1.05 0.282
60 5.25 2.30 1.29 600 2.05 0.892 0.244
70 5.89 2.54 1.33 700 1.82 0.784 0.172
80 6.25 2.70 1.32 800 1.61 0.680 0.170
90 6.40 2.80 1.28 900 1.47 0.586 0.160

100 6.41 2.86 1.26 1000 1.38 0.532 0.135
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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1818 Y. ITIKAWA AND N. MASON
dence for the Balmera (n53 – 2) line. This is also plotted in
Fig 15. Its energy dependence is very similar to that of
Balmerb line, thus confirming the conclusions of Beenakk
et al. For Balmer lines other than for the transitionn
53 – 2, Möhlman and de Heer recordedQemis at 100 eV.
These values are shown in Table 18.

The ratios of those toQemis for the n54 – 2 transition are
in reasonable agreement with the same ratios obtained
Beenakkeret al. at 300 eV. Furthermore the absolute val
of the Qemis for the Balmerb line measured at 100 eV b
Möhlman and de Heer agrees with that of Beenakkeret al.
Müller et al.93 also measured the cross section for t
Balmer emissions. Their values at 100 eV are compare
Table 18 with the other two experiments. Considering
experimental uncertainties, the two sets of the cross sect
of Möhlman and de Heer and Mu¨ller et al. are in agreemen
with each other, except for the Balmerb line. For the Balmer
b line, the cross section of Mu¨ller et al. is a little too small
compared with that of Mo¨hlman and de Heer, but agrees wi
the value of Beenakkeret al. within their experimental un-
certainties.

Table 19 shows theQemis for the Balmera ~3–2! line
measured by Mo¨hlman and de Heer~with an uncertainty of
12%! and Table 20 the Balmerb ~4–2! line measured by
Beenakkeret al. ~with an uncertainty of 10%!.

Emissions from Oxygen Atoms

Beenakkeret al.92 obtained theQemis for the transitions

O 3p 5P– 3s 5So at 777.4 nm,

FIG. 17. Cross sections for the emissions of H Lymana line at 121.6 nm and
the O resonance line at 130.4 nm, measured by Morgan and Mentall~Ref.
96!. Renormalization of the measured values has been taken as is des
in the text.
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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O 3p 3P– 3s 3So at 844.7 nm.

The cross sections for these lines are shown in Fig. 16
Table 20. Beenakkeret al.claimed an uncertainty of 20% fo
both the emissions. The corresponding values at 100 eV
given in Table 18 for comparison with other lines.

Other Emissions

Müller et al.93 observed some other emissions. They o
tained the cross sections for

OH1A 3P –X 3S2 at 320– 420 nm,

H2O1Ã 2A1–X̃ 2B1 at 350– 500 nm.

These cross sections are reported only at 100 eV. Kuche
and Smirnov95 measured emissions from H2O1Ã 2A1–X̃ 2B1

at 428–763 nm. They report absolute cross section for e
rotational line at 50 eV.

10.2. VUV Region

A comprehensive measurement in the VUV region w
made by Morgan and Mentall96 and Ajello.97 Morgan and
Mentall reported the absolute values ofQemis for the energy
region from threshold to 300 eV, but only for the hydrog
Lyman a and oxygen resonance lines. Ajello measured
cross section only at 200 eV, but for many lines emitted fro
the excited states of O, O1, O11, and H in the region of
40–280 nm. A general review ofQemis in the VUV region
was published by van der Burgtet al.,91 and includes a de-

bed

TABLE 21. Emission cross sections for electron impact on H2O at 200 eV~in
10218 cm2)

Transition Morgan96 ~renormalized! Ajello97 ~renormalized!

H 2–1 7.3~1.0!a 5.6 ~0.9!
O 130.4 0.22~0.03! 0.191~0.030!

aThe numbers in the parentheses are the possible errors estimated.

TABLE 22. Cross sections for the emission of H Lymana ~2–1! and O
resonance lines produced by electron impact on H2O, measured by Morgan
and Mentall96 and renormalized

Energy
~eV!

Cross section for O 130.4 nm
(10219 cm2)

Cross section for H 121.6 nm
(10218 cm2)

25 0.194 0.601
37.5 0.832 2.27
50 1.45 4.05
62.5 2.09 5.90
75 2.56 7.27
87.5 2.78 8.23

100 2.83 8.45
112.5 2.81 8.39
125 2.75 8.29
137.5 2.68 8.12
150 2.60 7.99
175 2.39 7.64
200 2.22 7.33
225 2.02 6.98
250 1.86 6.65
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tailed discussion of previous experiments. Most of the cr
sections in the VUV region are based on relative meas
ment and resort to some kind of normalization procedu
Van der Burgtet al. critically assessed each normalizatio
procedure and proposed, if necessary, renormalization b
on more recent and more reliable methods. Ajello normali
his result to the cross section of Lymana emission from H2.
He used the value (8.18310218 cm2 at 100 eV! measured by
Shemanskyet al.98 Van der Burgtet al. determined the bes
value of this cross section to be 7.3310218 cm2. Accord-
ingly Ajello’s cross section should be multiplied b
7.3/8.1850.892. Morgan and Mentall employed in their no
malization an average value of the cross sections avail
for the emission of 130.4 nm line from O2 ~i.e., 3.3
310218 cm2 at 100 eV!. Instead van der Burgtet al. recom-
mended using the value (3.05310218 cm2) measured by
Lawrence99 and thus the cross section reported by Morg
and Mentall should be multiplied by 3.05/3.350.924.

H Lyman a „2p – 1s … Transition

Figure 17 shows the cross section for the H Lymana
emission at 121.6 nm, measured by Morgan and Mentall
renormalized as above. Table 21 compares theQemis mea-
sured at 200 eV by Morgan and Mentall and by Ajello. Bo
of the cross sections have been renormalized as above.
agreement of the two cross sections is reasonable, if exp
mental errors are taken into consideration. TheQemis ob-
tained by Morgan and Mentall~and renormalized! is shown
in Table 22. They estimated an error of 13% for these valu

FIG. 18. Cross sections for dissociation of H2O, for the production of OH
(X) ~measured by Harbet al., Ref. 101! and O (1S) ~measured by Kedzier-
ski et al., Ref. 100!.
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O Resonance Line

Another intense line in the VUV region is the resonan
line of atomic oxygen

O 2p3~4So!3s3So– 2p4 3P at 130.4 nm.

The Qemis measured by Morgan and Mentall~and renormal-
ized as above! is plotted also in Fig. 17. Table 21 gives
comparison of the renormalized values of Morgan and M
tall and Ajello. They agree well with each other. The reno
malizedQemis of Morgan and Mentall are given in Table 2
~with an uncertainty of 13%!.

Other Emissions

Ajello97 reported cross sections for many lines emitt
from the excited states of O, O1, O11, and H in the region

TABLE 23. Cross section for the production of O (1S) from H2O by electron
impact, measured by Kedzierskiet al.100

Energy
~eV!

Cross section
(10218 cm2)

Energy
~eV!

Cross section
(10218 cm2)

18.56 0.2 157.16 1.43
22.52 0.36 161.12 1.42
26.48 0.48 165.08 1.40
30.44 0.67 173 1.36
34.4 0.78 176.96 1.34
42.32 1.04 180.92 1.33
50.24 1.20 184.88 1.33
54.2 1.25 192.8 1.30
62.12 1.36 196.76 1.29
70.04 1.39 200.72 1.28
81.92 1.45 212.6 1.26
93.8 1.49 220.52 1.24

101.72 1.50 232.4 1.20
105.68 1.50 240.32 1.16
113.6 1.50 252.2 1.12
121.52 1.49 260.12 1.11
125.48 1.48 272 1.07
133.4 1.47 283.88 1.05
137.36 1.46 291.8 1.03
141.32 1.46 303.68 1.00
145.28 1.45 311.6 0.98
153.2 1.43 319.52 0.95

TABLE 24. Cross section for the production of OH (X) from H2O by electron
impact, measured by Harbet al.101

Energy
~eV!

Cross section
(10216 cm2)

10 0.15
15 0.48
20 0.7
30 1.3
50 1.9
75 2.1

100 2.05
150 1.98
200 1.75
250 1.6
300 1.4
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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FIG. 19. Summary of the recom-
mended electron collision cross sec
tions for H2O. Cross sections smalle
than 10218 cm2 are not shown.
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of 40–280 nm. TheQemis for those lines were measured
200 eV. When used, they should be renormalized as st
above. The sum of those cross sections, after being renor
ized, is 1.9310218 cm2.

11. Dissociation into Neutral, Nonemitting
Fragments

When water molecule dissociates upon a collision w
electrons, some of the neutral fragments are produced in
ground or metastable states, emitting no radiation~see Table
16!. These fragments are difficult to detect but recently n
methods have been developed to measure the metasta
(1S) fragment and the OH in its ground state,X 2P.

„1… O „

1S…

Kedzierskiet al.100 measured the cross section for the p
duction of O (1S), using a solid xenon matrix detector. Th
detector is selectively sensitive to O (1S). The cross section
was made absolute using a modified relative flow techniq
The signals from H2O targets were compared with thos
from CO2. The cross section for the latter molecule was us
as a standard. The resulting cross section is shown in Fig
and Table 23. Kedzierskiet al.100 claimed an overall uncer
tainty of 30% of their data.

„2… OH „X 2P…

The cross section for the production of the ground st
OH was measured by Harbet al.101 They employed a laser
induced-fluorescence technique to detect OH (X). The cross
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
ed
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section was made absolute by comparing with the disso
tive attachment channel H2O→OH1H2. In so doing, use
was made of the attachment cross section determined
Melton85 ~see Sec. 9!. The cross section for the production o
OH (X) is shown also in Fig. 18. The numerical values a
tabulated in Table 24. The final error was estimated to
36%. Assuming that the excitations of the 13B1 and 11B1 of
H2O yield the fragment OH~X!, Gorfinkielet al.28 compared
their theoretical cross scetions for the excitation of tho
states with the measured values of dissociation cross se
for OH ~X!. It was found that the theoretical cross secti
was too large at the energies below 10 eV and became c
to the dissociation cross section at around 15 eV~the highest
energy for which the calculation was done!. This discrepancy
may be due to the limitation of the calculation, i.e., the on
dimensional model of nuclear motion. More flexibility o
nuclear motion would open other channels, reducing the
oretical probability of the excitation of the relevant states

Since there remains a possibility that the dissociative
tachment cross section values of Melton may contain a s
tematic error, it is important to remeasure the attachm
cross section and use these new values to renormalize
OH (X 2P) cross section.

12. Summary and Future Problems

Figure 19 provides a summary of the present compilat
of cross sections fore1H2O collisions. Cross sections tabu
lated for the following processes are shown in the figu
total scattering~Table 3!, elastic scattering~Table 4!, mo-
mentum transfer~Table 5!, rotational transitionJ50→1
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~Table 8!, vibrational excitation~Table 9!, total ionization
~Table 11!, electron attachment to produce H2 ~Table 13!,
emissions of OH (A–X) ~Table 17!, H Lymana ~Table 22!,
and H Balmera ~Table 19!, and productions of O(1S) ~Table
23! and OH(X) ~Table 24!. Cross sections recommended f
other processes are smaller than 10218 cm2 and so are not
shown in this figure.

To make the cross section data set more comprehen
and more accurate, we need further experimental stud
particularly in the following areas:

~1! A measurement of total scattering cross section is nee
at low energies particularly below 1 eV, with care tak
to allow for any necessary forward-scattering corre
tions.

~2! Elastic scattering cross sections in the energy region
low 4 eV are need to be measured using the magn
angle changing technique. Especially the forward sc
tering peak predicted by theory should be studied exp
mentally.

~3! No beam–beam experiments provide information on
rotational cross sections for individual transition. A car
ful analysis of the profile of the elastic peak in the e
ergy loss spectra could provide the information of t
rotational cross section.

~4! More elaborate and quantitatively detailed measurem
of the vibrational cross sections would be desirable
the energy range:~a! around 7.5 eV and~b! near thresh-
old ~below 1 eV!. The presence of a resonant process
the former region must be explored.

~5! The last measurement of the absolute values of disso
tive attachment cross section was more than 30 years
and may contain kinetic energy discrimination effects
therefore should be repeated.

~6! A detection of neutral dissociation fragments is of prim
importance, since there is currently no information of t
production of O(3P) and O(1D) fragments.

~7! No beam experiment has been done to obtain abso
cross section for the excitation of electronic states. Si
the energy loss spectra have been measured se
times, it is, in principle, possible to experimentally d
rive DCS for the electronic excitation from the spect
Most of the excitations are expected to lead to disso
tion of the molecule, but it would be of great interest
reveal the details of the dissociation path ways from e
electronic state.

~8! The cross sections dealt with in the preceding secti
can depend on the internal energy of the molecule
hence on the gas temperature. In the present paper,
ever, experimental data are collected from the meas
ment at room temperature. Any study of the depende
of the cross section on the gas temperature may be us
for applications.

Once electron interactions with water in the gas ph
have been established, the influence of phase should be
sidered. As is indicated in the Introduction~Sec. 1!, water is
the most important biological molecule. Electron interactio
ive
s,
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with a water molecule are the fundamental processes in
radiation action on biological matter. However in biolog
water is in liquid phase. Due to the scarcity of experimen
and theoretical knowledge of the electron interaction w
liquid water, the gaseous water is often used to simulate
biological medium. This is a challenging problem and it
necessary to find if and how cross sections in the gas ph
can be modified to estimate cross sections in liquid ph
which will be used to estimate radiation effects in biologic
systems.
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